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Abstract 

Terahertz (THz) time-domain spectroscopy is carried out for micro/nanostructured periodic Au/dielectric sphere 
arrays on Si substrate. We find that the metal-insulator transition can be achieved in THz bandwidth via varying 
sample parameters such as the thickness of the Au shell and the diameter of the Au/dielectric sphere. The Au/ 
polystyrene sphere arrays do not show metallic THz response when the Au shell thickness is larger than 10 nm and 
the sphere diameter is smaller than 500 nm. This effect is in sharp contrast to the observations in flat Au films on Si 
substrate. Interestingly, the Au/polystyrene sphere arrays with a 5-nm-thick Au shell show extraordinary THz 
absorption bands or metallic optical conductance when the diameter of the sphere is larger than 200 nm. This 
effect is related to the quantum confinement effect in which the electrons in the structure are trapped in the 
sphere potential well of the gold shell. 
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Background 

In recent years, artificially structured metal-dielectric 
systems have attracted extensive attentions due to po- 
tential applications in electronic and optoelectronic 
devices. These advanced material systems have been 
proposed as a new generation of optic and optoelectro- 
nic materials and devices working in terahertz (THz) 
bandwidth, motivated by realizing and developing new 
devices that can fill the THz gap [1,2]. For instance, 
metamaterials composed of subwavelength split-ring 
resonate arrays allow both electric- and magnetic-dipole 
interactions, which is promising in the development of 
novel THz devices such as perfect lens, cloak, etc. [3,4]. 
On the other hand, metal-dielectric interfaces with the 
structure of a periodic metallic pattern can give rise to 
the formation of THz photonic bands via strong coup- 
ling between electromagnetic waves and surface plasmon 
modes [5,6]. An extraordinary light transmission due to 
surface plasmon polariton (SPP) excitation in THz- 
frequency domain has been observed in periodic metallic 
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hole arrays [7-10]. Generally, both metamaterials and 
SPP devices are able to realize the resonant enhance- 
ment of the electromagnetic interactions at selective fre- 
quency. In traditional two-dimensional planar metallic 
structures on dielectric substrates, the unit size is nor- 
mally on subwavelength distance scale and the thickness 
of the metal film is of the order of about 100 nm, i.e., 
the size of the metallic unit or lattice is comparable to 
the coherent length of corresponding photons but far 
beyond that of conducting electrons. In principle, when 
the thickness of a metallic film approaches the nano- 
meter distance scale or smaller than the mean free path 
of electron motion, the electronic conduction can be 
reduced pronouncedly and, thus, the metal-insulator 
transition can be observed. Hence, the nanometer-sized 
metallic structures are not appropriate for electromag- 
netic devices which can be functional in the manner of 
metamaterials or SPP devices. This is due mainly to the 
poor electronic conduction tending to decrease the elec- 
tric and magnetic interactions. With the rapid develop- 
ment of nanotechnology, now it has become possible to 
fabricate different nanosized array structures with differ- 
ent materials. This can provide us with new material and 
device systems to examine light-induced metal-insulator 
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transition and with more freedom to modulate the light 
response of the material and device systems through 
varying the array structure artificially. In this paper, we 
present a systematic study on how metal nanosphere 
arrays can respond to THz light fields. We would like to 
demonstrate that THz anomalous absorption bands can 
be observed in Au/dielectric sphere array structures with 
a micrometer sphere diameter and a nanometer shell 
thickness. We intend to find out how the THz response 
of the sphere arrays differs from those observed in the 
metamaterials and SPP devices. 



Methods 

Polystyrene (PS) spheres with diameters of 200, 500, and 
1,000 nm were, respectively, coated on high-resistance Si 
wafers and self-organized into an orderly colloidal PS 
monolayer with a structure of hexagonal closest packing 
[11]. The PS sphere arrays with Au shells were processed 
by depositing gold onto the PS film by means of ion- 
beam sputtering [11], The Au/PS spheres with gold shell 
thicknesses of 5, 10, and 15 nm were fabricated in the 
present study. The details of the sample fabrication were 
documented in [11]. 

THz time-domain spectroscopy (TDS) was performed 
using the standard configuration for the measurement of 
the THz transmission spectrum (see Figure 1). Here, (1) 
femtosecond laser pulses are employed as pumping light 
source, (2) pumping laser pulses are focused on GaAs 
photoconductive antenna which provides the broadband 
and pulsed THz radiation source, (3) the free-space elec- 
tro-optic sampling via ZnTe crystal is applied for detec- 
tion of light transmission in time domain, and (4) 
Fourier transformation of the measured data is carried 
out to obtain the THz transmission spectrum. In the 
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with retroreflector; (18) sample 



Figure 1 The experimental setup for the THz time-domain 
spectroscopy measurement. 



present study, the THz TDS measurements were under- 
taken under a dry nitrogen purge at room temperature. 

Results and discussion 

The scanning electron microscopy (SEM) image in 
Figure 2 shows the morphology of the sample used in 
the investigation. It can be seen that the Au/PS spheres 
are packed closely to each other with a hexagonal struc- 
ture and formed nicely an array structure. Further SEM 
study indicates that the Au nanoclusters formed on the 
PS spheres are quite uniform as shown in Figure 2. One 
of the advantages of using Au/PS sphere arrays as an 
optoelectronic device is that the optoelectronic proper- 
ties of the structure can be tuned and modulated via 
varying sample parameters such as the diameter of the 
sphere and the thickness of the Au shell. For the presen- 
tation of the experimental results from this study, the 
transmission spectra of the Au/PS sphere arrays on Si 
substrate are normalized with the transmittance with re- 
spect to the Si substrate. In Figure 3, we show THz 
transmission spectra for different-sized Au/PS sphere 
arrays at a fixed Au shell thickness of 10 nm. The trans- 
mission spectrum for a 10-nm-thick Au film on Si sub- 
strate is shown as a reference. The significant THz 
absorption occurs for the flat Au/Si film. This implies 
that a relatively high optical conductance is achieved in 
the flat film sample. For a normal conducting thin film 
on an insulating substrate, the electromagnetic energy 
extinction in the THz region is mainly dominated by 
free-carrier motion driven by the electric field compo- 
nent of the THz wave when neglecting the magnetic 
interaction in the film. Therefore, the THz transmission 
is directly associated to the complex conductivity of the 
film. It is well known that the Au film on a dielectric 
substrate experiences a metal-insulator transition in the 
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Figure 2 The typical SEM image of micro/nanostructured 
periodic Au/polystyrene sphere array structure. 
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Figure 3 Normalized transmission spectra for different-sized 
Au/PS sphere arrays with 10-nm-thick Au shell. 



thickness range of 6 to 7 nm, which results in the abrupt 
increase in THz absorption (or decrease in THz trans- 
mission) with increasing Au film thickness [1]. The THz 
transmittance of the thin Au/Si film is attributed to the 
reduced electronic conduction, which arises from the 
backscattering of the carriers localized in disconnected 
gold islands [1]. Our experimental results for flat Au/Si 
films are in line with these experimental findings. How- 
ever, it should be noted that in [1], the light transmit- 
tance for 10-nm-thick Au/Si films was observed at about 
0.1 which is smaller than our results. The samples used 
in the measurements in [1] were produced by thermal 
evaporation. Such a technique differs significantly from 
the ion-beam sputtering employed in the sample prepar- 
ation in the present study. It is known that different 
techniques to grow Au films on Si wafer can result in 
different crystallizations of the Au nanoclusters. The bet- 
ter crystallization of the Au nanofilms prepared by ther- 
mal evaporation is the main reason why the light 
transmittance observed in [1] is lower than that mea- 
sured in this study. 

The transmission spectra normalized with respect to 
the Si substrate for different diameters of Au/PS spheres 
in the array structures are shown in Figure 3, where the 
Au shell thickness is fixed at 10 nm. The result for the 
10-nm-thick Au film on Si substrate is shown as refer- 
ence. It can be seen that the transmission spectra of the 
Au/PS sphere arrays with 10-nm Au shell thickness do 
not indicate effects similar to the metallic light response. 
Instead, the intensity of the transmittance for the Au/PS 
sphere arrays shows a strong dependence on the size of 
the Au/PS sphere. The THz transmission in a sphere 
array with 1,000-nm sphere diameter and 10-nm Au 
shell thickness is pronouncedly larger than that for a flat 
Au film with the same thickness of the Au layer. In par- 
ticular, the 200- and 500-nm-diameter sphere arrays are 
almost transparent within investigated THz bandwidth. 
This implies that the array samples are optically 



insulating in the THz regime. Similar results can be 
observed for array samples with 15-nm Au shell thick- 
ness. It is known that in a metal sphere array structure, 
the electron-electron interaction at the interface be- 
tween adjacent spheres plays a crucial role in affecting 
optical conductance and transmittance. The arrange- 
ment of the Au/PS spheres in the manner of packing 
closely to each other can introduce relatively high inter- 
face carrier density. Normally, such a density is larger in 
arrays with smaller Au/PS spheres than in those with 
larger spheres. A larger interface carrier density corre- 
sponds to a stronger interface electronic scattering, 
which can reduce macroscopic conductivity of the sam- 
ple. Thus, the optical conductance is smaller in arrays 
with smaller Au/PS spheres. Hence, the THz transmis- 
sion increases with decreasing size of the Au/PS spheres 
in the array structures, as shown in Figure 3. 

In Figure 4, the normalized THz transmission spectra 
for Au/PS sphere arrays with 5-nm-thick gold shell are 
shown for different diameters of the Au/PS spheres. It is 
interesting to notice that two absorption peaks appeared 
at about 1.2 and 1.7 THz which can be clearly observed 
from the transmission spectra in the samples with 1,000- 
and 500-nm-diameter spheres. The transmission spectra 
with a 500-nm-diameter Au/PS sphere in the arrays are 
shown in Figure 5 for different thicknesses of gold shells. 
As can be seen from Figure 5, the THz absorption peaks 
can only be observed clearly for the sample with 5-nm 
Au shell thickness. The results shown in Figures 4 and 5 
indicate that in Au/PS sphere arrays, the critical thick- 
ness of Au shell to cause the metal-insulator transition 
is about 5 nm. The absorption peaks show up in neither 
pure PS spheres without depositing gold nor flat gold 
film on Si substrate. This effect suggests that the gold 
shell on the PS balls is essential in affecting THz re- 
sponse in the array structure. The SPP is known to give 
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Figure 4 Normalized transmission spectra for Au/PS sphere 
arrays with different diameters and fixed 5-nm-thick Au shell. 

The result for the 5-nm-thick Au film on Si substrate is shown as 
reference. 
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Figure 5 Normalized transmission spectra for Au/PS sphere 
arrays with 500-nm diameter and different Au thicknesses. The 

result for the pure PS sphere array with a 500-nm sphere diameter 
on Si substrate is shown as reference. 



rise to the extraordinary high transmission of light radi- 
ation through arrays of two-dimensional (2D) subwave- 
length holes [5,6]. Our observation on THz absorption 
bands in Au/PS sphere arrays differs from the reported 
extraordinary THz transmission enhanced in 2D periodical 
metallic-dielectric structures [7,8]. The lattice constant 
(about 500 nm) of the Au/PS sphere array samples is far 
smaller than that in common SPP THz devices (a few tens 
of microns). The first-order SPP resonant frequency is esti- 
mated to be around 170 THz, which is far beyond the spec- 
troscopy range in our measurement. 

Different from traditional planar metallic structural 
arrays on a dielectric substrate, the Au/PS sphere arrays 
introduce the quantum confinement of electron motion 
in a radial direction between the barriers from dielectric 
sphere and air, when the thickness of the gold shell is 
thin enough. The highly confined electrons in the shell 
structure's potential well can form quantized electronic 
states with energy spacing to be in the THz range. This 
can result in the resonant absorption in THz bandwidth 
due to inter-subband electronic transition accompanied 
by the absorption of THz photons. In addition, the peri- 
odical structure of the Au shell arrays can also modulate 
the electronic states and corresponding electron wave 
functions. For sphere arrays with thin Au shell spheres 
packed closely to each other, the electron wave function 
in one sphere can penetrate to other neighboring 
spheres and form mini-band structures. This can lead to 
achieve a broadened THz absorption spectrum in the 
samples. Furthermore, the SPP modes in Au/PS sphere 
arrays differ significantly from those in Au/substrate film 
structures. Thus, the coupling between THz electromag- 
netic field and electrons trapped in the Au shell arrays 
has some unique features. The results obtained from this 
study indicate that the strength of coupling between 



THz light radiation and electrons in the Au/PS sphere 
array can be efficiently tuned and modulated via varying 
sample parameters such as the diameter of the Au/PS 
sphere and the thickness of the Au shell. Consequently, 
the Au/PS sphere array is a good electronic device in 
examining photon-induced metal-insulator transition in 
THz bandwidth. 

It should be noted that normally the different curva- 
tures of the nanospheres can lead to different nanoclus- 
ter distributions on the spheres. This can also affect the 
THz transmission in the sample structure. The investiga- 
tion into different cluster modes in different samples 
with different diameters needs considerable SEM study, 
and we do not attempt it in the present study. As shown 
in Figure 4, the THz absorption bands occur at about 
1.2 and 1.7 THz at a fixed shell thickness of about 5 nm 
for sphere diameters from 200 to 1,000 nm. Our very re- 
cent theoretical calculations [12] indicate that for hollow 
nanosphere structures and when the diameter of the 
sphere is larger than 100 nm, the electronic subband en- 
ergies degenerate and depend only on the shell thickness 
d via E n = h 2 n 1 n 2 l2rri*d 2 ) where n is the quantum num- 
ber and rvf is the effective mass for an electron in the 
gold shell. We know that the THz absorption in the Au/ 
PS nanosphere array is mainly induced by the surface 
plasmon resonance and the absorption frequency is 
determined mainly by the surface plasmon frequency. In 
a quantum structure such as Au nanosphere array, the 
surface plasmon frequency depends mainly on the en- 
ergy difference between different electronic subbands. 
Thus, when the diameter of the Au nanosphere array is 
larger than 100 nm, the THz absorption frequency 
depends mainly on the Au shell thickness and depends 
very little on the diameter of the sample. 

Conclusions 

In this study, we have demonstrated clearly that micro/ 
nanostructured periodic Au/PS sphere arrays can tune 
and modulate strongly the THz light response by varying 
sample parameters such as the thickness of the gold shell 
and the diameter of the Au/PS sphere. We have found that 
the decrease in the sphere size can induce the metal- 
insulator transition. This is due to the fact that for smaller 
sized sphere structures, the electron-electron interaction 
can be enhanced between the adjacent spheres. It is inter- 
esting to point out that the THz absorption bands located 
at about 0.6, 1.2, and 1.7 THz can be observed when the 
Au shell thickness is about 5 nm. We have tentatively 
attributed such an extraordinary THz absorption effect to 
the quantum confinement of the electrons trapped in the 
gold shell as a potential well between barriers of the dielec- 
tric sphere and air. The results obtained from this study 
suggest that the Au/PS sphere array is a good electronic 
device in examining photon-induced metal-insulator 
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transition in THz bandwidth. We hope that the experimen- 
tal findings from this study can shed some light in examin- 
ing basic physics effects and in applying metal nanosphere 
array structures as THz devices for various applications. 

Competing interests 

The authors declare that they have no competing interests. 
Authors' contributions 

GTD carried out the sample fabrication and SEM study and participated in 
the THz measurement and manuscript preparation. FHS participated in the 
THz experiment and drafted the manuscript. WX coordinated the 
collaborations and carried out the result analysis and the manuscript 
preparation and revision. CLZ provided the THz measurement facilities and 
took part in the measurement. WPC initialized and supervised this research 
work. All authors read and approved the final manuscript. 

Acknowledgements 

This work was supported by the National Natural Science Foundation of 
China (grant nos. 11004199, 10704075, 10974206, and 50831005), Ministry of 
Science and Technology of China (grant no. 201 1YQ130018), Provincial 
Natural Science Foundation of Anhui (grant no. 1 1 040606M62), National 
Basic Research Program (973) of China (grant no. 201 1CB302103) and 
Department of Science and Technology of Yunnan Province. 

Author details 

Vey Laboratory of Materials Physics, Institute of Solid State Physics, Chinese 
Academy of Sciences, Hefei 230031, China, department of Physics, Yunnan 
University, Kunming 650091, China. 3 Beijing Key Laboratory for Terahertz 
Spectroscopy and Imaging, Key Laboratory of Terahertz Optoelectronics, 
Department of Physics, Capital Normal University, Beijing 100048, China. 

Received: 18 July 2012 Accepted: 9 November 2012 
Published: 28 November 2012 

References 

1. Walther M, Cooke DG, Sherstan C, Hajar M, Freeman MR, Hegmann FA: 
Terahertz conductivity of thin gold films at the metal-insulator 
percolation transition. Phys Rev B 2007, 76:125408. 

2. Ferguson B, Zhang XC: Materials for terahertz science and technology. 
Nature Mater 2002, 1 :26. 

3. Smith DR, Padilla WJ, Vier DC, Nemat-Nasser SC, Schultz S: Composite 
medium with simultaneously negative permeability and permittivity. 
Phys Rev Lett 2000, 84:41 84. 

4. Chen HT, Padilla WJ, Zide JMO, Gossard AC, Taylor AJ, Averitt RD: Active 
terahertz metamaterial devices. Nature 2006, 444:597. 

5. Ebbesen TW, Lezec HJ, Ghaemi HF, Thio T, Wolff PA: Extraordinary optical 
transmission through sub-wavelength hole arrays. Nature 1998, 391:667. 

6. Martin-Moreno L, Garcia-Vidal FJ, Lezec HJ, Pellerin KM, Thio T, Pendry JB, 
Ebbesen TW: Theory of extraordinary optical transmission through 
subwavelength hole arrays. Phys Rev Lett 2001, 86:1 1 14. 

7. Qu D, Grischkowsky D, Zhang W: Terahertz transmission properties of 
thin, subwavelength metallic hole arrays. Opt Lett 2004, 29:896. 

8. Cao H, Nahata A: Influence of aperture shape on the transmission properties 
of a periodic array of subwavelength apertures. Opt Express 2004, 1 2:3664. 

9. Azad AK Zhao Y, Zhang W: Transmission properties of terahertz pulses through 
an ultrathin subwavelength silicon hole array. Appl Phys Lett 2005, 86:141 102. 

10. Janke C, Gomez Rivas J, Schotsch C, Beckmann L, Bolivar PH, Kurz H: 
Optimization of enhanced terahertz transmission through arrays of 
subwavelength apertures. Phys Rev B 2004, 69:205314. 

11. Cai W, Li Y, Duan G: Nanostructured arrays based on colloidal monolayer. 
In Advanced Materials Research Trends. Edited by Basbanes LV. New York: 
Nova Science; 2006:85-168. 

12. Xiao YM, Xu W, Zhang YY, Hu JG: Terahertz plasmon and surface-plasmon 
modes in hollow nanospheres. Nanoscale Res Lett 2012, 7:578. 



doi:1 0.1 1 86/1 556-276X-7-657 

Cite this article as: Duan et al:. Extraordinary terahertz absorption bands 
observed in micro/nanostructured Au/polystyrene sphere arrays. 

Nanoscale Research Letters 2012 7:657. 



Submit your manuscript to a SpringerOpen 0 
journal and benefit from: 

► Convenient online submission 

► Rigorous peer review 

► Immediate publication on acceptance 

► Open access: articles freely available online 

► High visibility within the field 

► Retaining the copyright to your article 



Submit your next manuscript at ► springeropen.com 



v. 



